On the basis of the Thellier palaeointensities reported so far it has been thought that the timeaveraged virtual dipole moment (VDM) and virtual axial dipole moment (VADM) for the last few million years are almost the same as the present geomagnetic dipole moment (∼8 × 10 22 A m 2 ). This estimate has been called into question, however, because recent studies have revealed that the Thellier method occasionally overestimates palaeointensities by as much as twice the true values. In contrast, a recently developed palaeointensity technique, namely the double heating technique of the Shaw method combined with low-temperature demagnetization (the LTD-DHT Shaw method), can yield expected field intensities from samples which give unreliable palaeointensities using the Thellier method. Therefore, we have measured absolute palaeointensities from 0.5-4.6 Ma volcanic rocks from the Society Islands, French Polynesia, mainly using the LTD-DHT Shaw method. As a result, 195 out of 361 samples passed the selection criteria, some of which are compared with additional results obtained with Coe's version of the Thellier method. In the Thellier experiments, 18 out of 40 samples passed the criteria, giving palaeointensities both consistent and inconsistent with the LTD-DHT Shaw results. These samples are characterized mostly by two-segmented Arai diagrams. If we take the LTD-DHT Shaw palaeointensities, 24 reliable site means are available and give a mean VADM of (3.64 ± 2.10) × 10 22 A m 2 . This is nearly half of the mean of the 0-5 Ma Thellier data selected from the latest palaeointensity database [(7.46 ± 3.10) × 10 22 A m 2 , N = 458] as well as the present dipole moment. The LTD-DHT Shaw palaeointensities newly determined in this study suggest that the present-day field is so strong that it may not be typical of the past geomagnetic field.
INTROD U C T I O N
The main geomagnetic field has its origin in the Earth's outer core. Since a dipole component is dominant in the field, information about temporal changes, the average and the deviation of the moment is essential for understanding the evolution of the Earth's deep interior. If we can obtain these values, the long-term evolution of the outer core can be evaluated as well as its current activity. For the period of the last 5 Myr estimated a time-averaged virtual dipole moment (VDM) of (8.67 ± 3.63) × 10 22 A m 2 , which is almost the same as the present geomagnetic dipole moment (∼ 8 × 10 22 A m 2 ). This conclusion was not greatly changed in a later analysis of a mean VDM of (7.84 ± 3.80) × 10 22 A m 2 for the last 10 Myr by Tanaka et al. (1995b) using an updated database (Tanaka & Kono 1994 ).
However, that database involved a number of palaeointensities obtained by methods other than the Thellier method (Thellier & Thellier 1959) . Since many palaeomagnetists regard the Thellier method as the only reliable one (e.g. Selkin & Tauxe 2000; Goguitchaichvili et al. 2004) , Juarez & Tauxe (2000) questioned the quality of the database. They carefully examined a further updated database (Perrin et al. 1998 ) applying more stringent selection criteria and rejecting data other than the Thellier palaeointensities. Adding their new Thellier palaeointensities from submarine basaltic glasses, they determined the time-averaged virtual axial dipole moment (VADM) for 0.3-5 Ma to be (5.49 ± 2.36) × 10 22 A m 2 . This is lower than the both previous values Tanaka et al. 1995b ) and the present dipole moment.
Since the work of Juarez & Tauxe (2000) , a number of researchers have been making efforts to increase the number of absolute palaeointensity data. The latest palaeointensity database (Perrin & Schnepp 2004) contains 3128 items from 215 references. The number of data has almost tripled compared with the 1995 database (1123 items from 83 original papers in Tanaka et al. 1995b) . Contrary to the conclusion by Juarez & Tauxe (2000) , the majority of new measurements by the Thellier method showed high palaeointensities. For example, Laj et al. (2000) reported 89 Thellier results from 2.1-3.9 Ma lavas in Oahu, Hawaii, obtaining an average VADM of (7.0 ± 2.3) × 10 22 A m 2 . Bogue (2001) gave an average VDM of (9.38 ± 2.43) × 10 22 A m 2 from 25 site mean palaeointensities of 4 Ma lava flows from Kauai, Hawaii. Alva-Valdivia et al. (2001) reported palaeointensities from four lava flows erupted between 0.8 and 2.2 Ma in Mexico and the resultant VDMs ranged from 6.4 to 9.1 × 10 22 A m 2 . Recent statistical analyses by Heller et al. (2002) on their own Thellier palaeointensity database revealed that the average VDM for the last 5 Myr resulted in ∼ 8 × 10 22 A m 2 (Fig. 6 of Heller et al. 2002) . A comprehensive review by Valet (2003) also concluded the mean VADM for the past 4 Myr volcanic ThellierThellier records was (7 ± 3.6) × 10 22 A m 2 . These conclusions have been supported by Leonhardt et al. (2003) . They obtained 42 new Thellier data from 1.8-3.3 Ma Brazilian volcanic rocks that resulted in VADM of (7.5 ± 2.6) × 10 22 A m 2 (N = 10). The Thellier method still seems to yield high palaeointensities.
It is possible to say that these high palaeointensities are misreadings of the ancient geomagnetic field, because recent studies have pointed out that the Thellier method occasionally fails in accurate determination of palaeointensity from historical lavas. Biggin & Thomas (2003a) demonstrated that the usual selection criteria of the Thellier method (e.g. N ≥ 4, q ≥ 5, where N is the number of data points and q the quality factor of Coe et al. 1978) could not discriminate incorrect palaeointensities. Yamamoto et al. (2003) showed that the Kilauea 1960 lava in Hawaii yielded systematically higher Thellier palaeointensities (up to twice the expected value). Such bad results have also been reported in conventional Thellier experiments (Tanaka & Kono 1991) and in modern microwave Thellier experiments (Hill & Shaw 2000) . In a study of the Kilauea 1970 lava (Oishi et al. 2005) , two out of seven successful results using the Thellier method showed 46 and 55 per cent higher field intensities than the expected. Anomalous palaeointensities have not been restricted to the Hawaiian lavas. Calvo et al. (2002) obtained 25 per cent larger mean intensities from 1910 and 1928 Mount Etna lavas, Italy. From the Oshima 1986 lava in Japan, Mochizuki et al. (2004) observed palaeointensities exceeding the expected value by up to about 30 per cent. Although the exact value of the expected intensity is unknown, Böhnel et al. (2003) performed both conventional Thellier and microwave Thellier experiments on the AD 330 Xitle lava samples from Mexico, resulting in high palaeointensities up to ∼175 and ∼155 per cent of the contemporaneous global mean of Yang et al. (2000) , respectively.
Samples with an intermediate degree of deuteric oxidization have generally been considered to be very suitable for palaeointensity measurements because of their good thermal stability. However, Yamamoto et al. (2003) , Mochizuki et al. (2004) and Oishi et al. (2005) showed that samples with an intermediate degree of high-temperature oxidation of titanomagnetites in particular would yield high palaeointensities by the Thellier method. On the other hand, the double heating technique (DHT) of the Shaw method combined with low-temperature demagnetization (LTD) (LTD-DHT Shaw method; Tsunakawa et al. 1997; Yamamoto et al. 2003) could give correct answers for samples with various degrees of oxidation. By this method, Yamamoto et al. (2003) , Mochizuki et al. (2004) and Oishi et al. (2005) obtained averaged palaeointensities of 35.7 ± 3.3 µT (N = 7), 46.4 ± 4.7 µT (N = 6) and 38.2 ± 2.8 µT (N = 11) from the Kilauea 1960 , Oshima 1986 and Kilauea 1970 lavas, respectively. They agreed with the expected values (36.2, 45.5 and 35.8 µT) and were better than the Thellier averages of 49.0 ± 9.6 µT (N = 17), 51.0 ± 4.1 µT (N = 15) and 43.2 ± 8.4 µT (N = 7), respectively.
In this paper we retrieve the geomagnetic dipole moments over the last 5 Myr from volcanic rocks of the Society Islands, French Polynesia, to study the palaeosecular variations (PSV). Most of the palaeointensity measurements were done using the LTD-DHT Shaw method. Although there are several variants of the Thellier-type method, Coe's version of the Thellier method (Coe 1967 ) was additionally applied to selected samples with good thermal stability aimed at a comparison with traditional palaeointensity databases.
With careful experiments and analyses we have obtained reliable palaeointensities. We will discuss the VADM variation for the last 5 Myr, especially its average in comparison with the previous ones.
SAMP L E S A N D P R E V I O U S PA L A E O M A G N E T I C S T U D I E S
The Society Islands consist of 10 volcanic islands and several seamounts. They are of hotspot origin and show a chain-like configuration in a northwest-southeast direction delineating the motion of the Pacific Plate. The present hotspot is located at 18
• S, 148
• W in the southeastern end of the archipelago (Gripp & Gordon 1990) , where several active submarine volcanoes are found. The basaltic volcanism initiated at about 5 Ma (Duncan & McDougall 1976) . For these islands, geology, geochemistry and geochronology have been studied by many authors (e.g. Dymond 1975; Duncan & McDougall 1976; Diraison 1991; Duncan et al. 1994; Kogiso et al. 1997; Blais et al. 1997 Blais et al. , 2000 Guillou et al. 1998; Singer et al. 1999) . Also about 200 data items on palaeomagnetic direction have been reported (Duncan 1975; Chauvin et al. 1990; White & Duncan 1996) .
Regarding palaeointensities, Senanayake et al. (1982) obtained 12 Shaw and 18 Thellier data from the Borabora, Raiatea and Tahiti islands. However, the quality of these data is considered to be insufficient because they used a single heating Shaw method and a Thellier method without a check for partial thermoremanent magnetization (pTRM). applied the Thellier method to 26 samples from Huahine Island but no satisfactory results were obtained. Only Chauvin et al. (1990) reported successful Thellier results. Twenty-six out of 48 specimens gave 11 distinct site-mean palaeointensities. Three of them [37.7 ± 1.6 µT (N = 2), 27.9 ± 0.8 µT (N = 2) and 54.3 µT (N = 1)] are from reversely magnetized flows while the others (2.6 ± 0.1 µT to 8.1 ± 1.0 µT) were from samples with intermediate palaeodirections. The main interest of Chauvin et al. (1990) was in the transitional geomagnetic field, and thus they did not discuss the long-term variation in the geomagnetic dipole moment from the Society volcanic rocks. Yamamoto et al. (2002) recently reported 130 new palaeomagnetic direction data from seven of the Society Islands: Maupiti, Borabora, Tahaa, Raiatea, Huahine, Moorea and Tahiti. Uto et al. (submitted) have measured 52 K-Ar ages for those samples. As some sites suffered from secondary magnetizations, both palaeodirections and K-Ar ages were determined for 46 independent sites. These ages are 4.52-4.61 Ma for Maupiti, .01 Ma for Borabora, 2.57-3.24 Ma for Tahaa, 2.45-2.76 Ma for Raiatea, 2.52-3.19 Ma for Huahine, 1.50-1.62 Ma for Moorea and 0.51-1.12 Ma for Tahiti, ranging between 0.51 and 4.61 Ma. The present palaeointensity measurements have been performed mainly on samples from these sites. The studied samples were collected mostly by a portable engine drill. Orientations were made by a magnetic and/or a sun compass (Yamamoto et al. 2002) . The site localities are illustrated in Fig. 1 .
ROCK MAGN E T I C P RO P E RT I E S

Thermomagnetic properties
Thermomagnetic analyses were performed on 53 selected samples using a vibrating sample magnetometer (MicroMag 3900 VSM, Princeton Measurement Corporation). The measurements were done in a helium gas flow with a 500 mT DC field. The resultant M s -T curves could be classified into six types: A, B, C, D, E or F (Fig. 2) . Except for type E, they are interpreted as magnetization by titanomagnetites with different Ti contents. All the results are listed in Tables 1 and 2 . Curie temperatures (T c ) were evaluated by the so-called 'intersecting tangents method' (Grommé et al. 1969) .
Type A curves were observed in 21 samples. They show a single phase of Ti-poor titanomagnetite with good reversibility during the heating and cooling cycle, usually resulting in T c higher than 500
• C. Type B curves were recognized in 12 samples and resembled type A, though a minor phase of Ti-rich titanomagnetite with T c of 100-400
• C was superimposed. Type C curves were seen in two samples, showing two components of Ti-poor (T c ∼ 560
• C) and Ti-rich (T c ∼ 200
• C) phases. Type D curves, from five samples, are characterized by a single phase of titanomagnetite with moderate Ti content, the T c of which ranges between 140 and 260
• C. They show the some amount of increase in the saturation magnetization (M s ) in the cooling stage.
Type E curves are irreversible thermomagnetic curves found in nine samples. They show relatively low-T c components followed by a small bump of high-T c ones in the heating curves. Since the high T c s ranged from 530 to 580
• C, some amount of titanomaghemite might be initially produced by low-temperature oxidation and transformed into Ti-poor titanomagnetites during the laboratory measurements.
Type F curves were found in four samples. They have the weakest magnetization, and some superparamagnetic behaviour is recognized as a relatively large offset in M s /M s0 .
Low-temperature magnetometry
Low-temperature magnetometry was performed on 45 samples with a low-temperature SQUID susceptometer (Quantum Design MPMS-XL5). Saturation isothermal remanent magnetization (SIRM) was imparted to samples under a 2.5 T field at 300 K, and then their remanences were continuously measured in a nearly zero (black, heating; grey, cooling) . All measurements are performed in a helium gas flow with a DC field of 500 mT.
field by cycling temperatures between 300 and 6 K, sometimes 2 K. For 36 of the samples, sister chip samples were subjected to thermomagnetic analyses as described in the previous subsection. The results are grouped into five types: 26 results for Type a, two results for Type b, 13 results for Type c, two results for Type d and also two results for Type e, as shown in Fig. 3 . The categorized groups are listed in Tables 1 and 2. Type a is characterized by loss and partial recovery of SIRM around 100-120 K, implying a presence of nearly Ti-free titanomagnetite because magnetite shows the isotropic point (T I ) around 130 K and the Verwey transition temperature (T v ) around 120 K (Dunlop &Özdemir 1997) . A similar curve is often observed in marine sediments (e.g. Yamazaki et al. 2003) . Type b also shows the loss and partial recovery in SIRM, but there is a kink around 250 K which can be recognized as a discontinuity in the derivative curves (dotted lines in Fig. 3 ). Since the Morin transition temperature (T M ) of haematite is around 260 K and it is lowered by Ti substitution (Dunlop &Özdemir 1997) , and haematite particles of ≤0.1 µm in size never show the transition (Bando et al. 1965) , the present observation suggests the existence of a large amount of haematite associated with a small amount of Ti substitution. As a matter of fact, the corresponding two samples are reddish and contain a lot of heavily deuteric-oxidized olivine phenocrysts which are red in colour. The two Types a and b are yielded from samples with M s -T curves of Types A and B, respectively, indicating consistent magnetic properties between low-and high-temperature magnetometry.
Types c, d and e show a common feature: a continuous decrease of the remanence at temperatures lower than 220 K in the cooling cycle, followed by a consecutive increase in the heating cycle. In Types d and e the curves are almost reversible and there is an additional kink around 220 K in Type e. Since all of them are observed from the samples with M s -T curves of Types C, D, E and F, these lowtemperature properties may originate from Ti-rich titanomagnetite phases. 
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Hysteresis properties
Hysteresis parameters of saturation magnetization (M s ), remanent saturation magnetization (M rs ), coercivity (B c ) and remanent coercivity (B rc ) were measured for 726 small chips from selected palaeomagnetic cores. Measurements were performed on several chips for each core, three on average, by the VSM at room temperature. Core-averaged hysteresis parameters are listed in Tables 1 and  2 . The Day plot (Day et al. 1977; Dunlop 2002 ) is also shown in Fig. 4 . Basically, the Day plot was empirically established for titanomagnetite solid solutions (Day et al. 1977) . The present samples mostly fulfilled this condition (Section 3.1). One might think that some superparamagnetic contributions (e.g. Fig. 2F ) would make artificial deviations in hysteresis parameters resulting in non-conformity of the Day plot. However, if theoretical mixing models such as that of Dunlop (2002) are referred to, the deviations can be used for semiquantitative estimation of the superparamagnetic contributions, and the Day plot makes sense. The hysteresis parameters seem to have been used as basic descriptors of samples in recent rock magnetic and palaeomagnetic studies. We think that the parameters determined in this study will be useful for future re-evaluation of palaeointensities. Fig. 4 shows that data points of the present results are generally distributed between two theoretical mixing lines: SD (single domain)-MD (multidomain) and SP (superparamagnetic)-SD curves (Dunlop 2002) . Remanence carriers in the measured samples are considered to consist of various grain sizes, probably an admixture of SD (and/or PSD) and MD. This is also suggested from results of reflected-light microscopy described in the next subsection.
A small number of the data points show M rs /M s > 0.5, indicating the existence of nearly equidimensional titanomagnetites governed by magnetic crystalline anisotropy. However, this may be an experimental artefact, since these data mainly come from samples with (Day et al. 1977) for the hysteresis parameters of 726 small chips from selected palaeomagnetic cores. Some threshold values are modified following Dunlop (2002) . Closed symbols indicate hysteresis parameters for which the parent cores give successful palaeointensities in the LTD-DHT Shaw experiments. Open symbols correspond to the parameters for the unsuccessful ones. It is seen that the data points generally distribute between the theoretical SD-MD and SP-SD curves of Dunlop (2002) .
M s -T curves of type E (Tables 1 and 2) , which characterizes the possible existence of a small amount of titanomaghemite. In the hysteresis measurements, a saturation field was set to be 1 T, which might not be sufficient to saturate magnetizations by Ti-poor titanomaghemites. In this case, M s can be underestimated. Resulting values of M rs /M s can exceed 0.5 even for samples governed by shape anisotropy.
Reflected-light microscopy
Recent studies involving reflected-light microscopy have revealed that intermediate high-temperature oxidation states of titanomagnetite grains are related to erroneously high palaeointensities measured by the Thellier method (Yamamoto et al. 2003; Mochizuki et al. 2004; Oishi et al. 2005) . Although there are some possible reasons for this relationship, it is important to examine hightemperature oxidation states in checking the quality of palaeointensity results. Therefore, we observed titanomagnetite grains in polished sections from about 50 palaeomagnetic cores.
The titanomagnetite grains in the present samples show a wide range of high-temperature oxidation states. According to the classifications by Haggerty (1991) , seven stages are defined as follows: C1: Optically homogeneous ulvöspinel-rich magnetite solid solutions (ss).
C2: Magnetite-enriched ss with a small number of 'exsolved' ilmenite lamellae parallel to {111} of the host.
C3: Ti-poor titanomagnetite ss with densely crowded 'exsolved' ilmenite lamellae parallel to {111}.
C4: The first sign of additional oxidation. Optically, an indistinct mottling of the ilmenomagnetite intergrowth is observed.
C5: Rutile and titanohaematite develop extensively within the 'exsolved' meta-ilmenite lamellae C6: Incipient formation of pseudo-brookite (Psb) ss from rutile plus titanohaematite.
C7: Assemblage of Psb ss plus haematite ss. This is the most advanced stage of oxidation of original spinels. Some sections show both low (C1-C2) and high (C6-C7) oxidation states (e.g. Figs 5A and D) , whereas more than half of the sections contained intermediately oxidized (C3-C4) titanomagnetite grains (e.g. Figs 5B and C). According to Yamamoto et al. (2003) , Mochizuki et al. (2004) and Oishi et al. (2005) , in the Thellier experiments, samples with an intermediate high-temperature oxidation state possibly give anomalously high palaeointensities. Note that these studies employed the oxidation indices of Wilson & Watkins (1967) , which are defined as six stages, I-VI. Even for such samples, they confirmed that the LTD-DHT Shaw method was applicable and yielded almost the correct values. In this context, the LTD-DHT Shaw method is preferable for determining palaeointensities from the present samples.
PALA E O I N T E N S I T I E S B Y T H E LT D -D H T S H AW M E T H O D
Method
As reviewed in Yamamoto et al. (2003) , the Shaw-type palaeointensity technique has been subject to criticism. We have therefore developed a fairly improved version of the original Shaw method (Shaw 1974) , i.e. the LTD-DHT Shaw method (Tsunakawa et al. 1997; Yamamoto et al. 2003) . The main procedures involved in this method are as follows (see Yamamoto et al. 2003 , for details):
(1) A specimen is subjected to LTD. Then its memory of natural remanent magnetization (NRM) is subjected to the stepwise alternating-field (AF) demagnetization [NRM] .
(2) Anhysteretic remanent magnetization (ARM) is given to the specimen and subsequently subjected to stepwise AF demagnetization [ARM00].
(3) ARM is imparted again under the same conditions as ARM00. LTD is conducted on the remanence and its memory is measured with the stepwise AF demagnetization [ARM0].
(4) The specimen is heated for acquisition of the first thermoremanent magnetization (TRM). The same procedures as in steps (1), (2) (5) The specimen is again heated for the second TRM. The same procedures as in steps (1), (2) and (3) This method utilizes individual ARM corrections (Rolph & Shaw 1985) , a double heating test (Tsunakawa & Shaw 1994 ) and lowtemperature demagnetization. We can measure palaeointensities from SD-like remanences because the LTD treatment is known to be effective for erasing the MD-like component of Ti-poor titanomagnetites (e.g. Ozima et al. 1964; Heider et al. 1992) . Borradaile et al. (2004) recently showed the usefulness of a LTD-AF combined demagnetization technique for isolation of a stable magnetic vector. The validity of the individual ARM corrections was experimentally assessed by Yamamoto et al. (2003) , Pan et al. (2002 Pan et al. ( , 2003 and Mochizuki et al. (2004) .
The LTD-DHT Shaw method is likely to have following additional advantages:
(1) This method fits well with LTD treatment for the isolation of stable magnetization. Only six (or nine) treatments in total are required for a specimen. If similar procedures are involved in a Thellier-type experiment we have to repeat the treatment at every heating step, at least 20 times for a specimen.
(2) No laboratory CRM (chemical remanent magnetization) contaminates the NRM. This is because full demagnetization of NRM is done prior to the first laboratory heating which produces 'TRM1'. This certifies the fidelity of the palaeodirection if LTD and AF demagnetization can remove secondary components. In Thellier-type experiments, NRM is often contaminated by CRM during progressive laboratory heating (e.g. Mochizuki et al. 2004) .
(3) The laboratory heating process is thought to be analogous to a natural process (Oishi et al. 2005) . In contrast to progressive heating in Thellier-type experiments, samples are directly heated above the Curie temperature and cooled down to room temperature.
(4) One of two endpoints for linear segments in NRM-TRM1 * diagrams is fixed to steps of maximum AF (TRM1 * being the corrected TRM1). This reduces ambiguities in the calculation of palaeointensity. Both endpoints of the linear segments in Arai diagrams are selectable, which allows for more ambiguity in Thellier-type experiments.
(5) A series of measurements can be easily automated since the procedures of the LTD-DHT Shaw method mainly consist of progressive AF demagnetizations. We use an automated spinner magnetometer with an AF demagnetizer (Natsuhara-Giken Dspin-2; Kono et al. 1984 Kono et al. , 1997 . A SQUID magnetometer equipped with an automated AF demagnetizer is also available.
Experiments and data analysis
In the present study, a total of 361 specimens were used in LTD-DHT Shaw experiments. They were heated in a vacuum 2 Pa) at a top temperature of 610
• C for 20 and 30 min (first and second heatings, respectively). Laboratory TRM was imparted in a 5.0-50.0 µT DC field while ARM was imparted in a 100 µT field. Progressive AF demagnetization was performed at 5-10 mT intervals up to 160 mT. In the LTD treatment, specimens were soaked in liquid nitrogen in a plastic Dewar for 10 min and then kept outside at room temperature for an hour. This cycle was performed in a magnetically shielded case where the residual field was less than 100 nT. All remanences were measured with an automated spinner magnetometer (Natsuhara-Giken Dspin-2).
For constructions of NRM-TRM1 * and TRM1-TRM2 * diagrams, TRMs were corrected with the technique of Rolph & Shaw (1985) (corrected TRMs being denoted TRM1 * and TRM2 * , respectively). This correction is based on the assumption that changes in the TRM coercivity spectra can be followed by those of ARM.
Similar to the previous studies by Yamamoto et al. (2003) , Mochizuki et al. (2004) and Oishi et al. (2005) , the results are judged by the following quantitative selection criteria:
(1) The primary component is recognized in the Zijderveld diagram.
(2) There should be a linear portion in the NRM-TRM1 * diagram. This should not be less than 15 per cent of the original NRM intensity ( f N ≥ 0.15), and its correlation coefficient should be larger than 0.995 (r N ≥ 0.995).
(3) The linear portion ( f T ≥ 0.15 and r T ≥ 0.995) also should exist in the TRM1-TRM2 * diagram. Its slope is unity within experimental error (1.05 ≥ Slope T ≥ 0.95).
(4) Both linear portions should include the maximum AF demagnetization steps.
Criterion (4) is implicitly involved in the previous studies. A schematic view of the data analysis is illustrated in Fig. 6 . 
Results
Comparing magnitudes of ARM0 before and after the LTD treatment, we can roughly estimate the MD contributions for the present samples. Fig. 7 shows a distribution of the LT-demagnetized fractions in ARM0. Since most samples exhibit 0-20 per cent loss of ARM0, the MD contribution should not cause serious problems in the palaeointensity experiments. However, 25 specimens show more than 20 per cent loss up to 31.5 per cent by the LTD treatment, resulting in the effective removals of undesirable remanences.
Applying the quantitative selection criteria described in the previous subsection, we obtained 195 successful results (a success rate of 54 per cent). Representative results are shown in Fig. 8 . The remaining 166 results were rejected, mainly because (1) linear portions were not detected in the NRM-TRM1 * diagrams (r N < 0.995; e.g. Figs 9A and C) and (2) slopes of linear portions in the TRM1-TRM2 * diagrams were not unity (Slope T < 0.95 or 1.05 < Slope T ; e.g. Figs 9A and B) . These results are summarized in Tables  1 and 2. The successful results exhibit good linearity in both NRM-TRM1 * and TRM1-TRM2 * diagrams (Fig. 8) . As most of their linear portions are associated with f N ≥ 0.30 and f T ≥ 0.90 (Fig. 10) , those palaeointensities are obtained from relatively large fractions of the original NRMs and the ARM correction is fairly applicable for laboratory TRMs. The obtained palaeointensities are thought not to be systematically influenced by the ARM correction because there is no obvious correlation between the measured palaeointensities and the slopes in the corresponding ARM0-ARM1 diagrams (Fig. 11A) . The palaeointensities are also independent of the hysteresis properties ( Figs 11B and C) , suggesting no effect of grain size of magnetic minerals on the present results. A noticeable feature in the present results is that samples collected from site PU06 show similar failures in the LTD-DHT Shaw experiments. Zijderveld diagrams clearly showed the existence of a single component, and TRM1-TRM2 * diagrams guaranteed reproducible laboratory TRMs. Slopes of unity in ARM0-ARM1 diagrams indicate little occurrence of laboratory alteration in remanence carriers. In spite of these favourable features, all NRM-TRM diagrams showed convexity (e.g. Fig. 9C ). These facts suggest that NRMs of PU06 may not have entirely originated from thermoremanent magnetizations. Other types of remanence, like thermochemical remanent magnetization (TCRM), were possible 'contaminants' during initial cooling in nature (e.g. Yamamoto et al. 2003) . Indeed, sister specimens subjected to Thellier experiments gave two-sloped Arai diagrams (see Figs 18J and K) . This evidence implies that the LTD-DHT Shaw method offers a possible way to discriminate natural TCRM, as suggested by Yamamoto et al. (2003) . An interesting fact observed in these PU06 specimens is that there are many pseudobrookite grains (C6-C7 oxidation, e.g. Fig. 12A ). The existence of pseudo-brookites has been believed to validate true TRM (Dunlop &Özdemir 1997) , but the present study yields an exceptional case. Since C4-class oxidation grains simultaneously occur in the PU06 specimens (e.g. Fig. 12B ), they might be a source of the non-ideal behaviour in both the LTD-DHT Shaw and Thellier experiments.
PALA E O I N T E N S I T I E S B Y T H E T H E L L I E R M E T H O D
Experiments and data analysis
Coe's version of the Thellier method (Coe 1967 ) was applied to 40 specimens of good thermal stability (Types A and B in Section 3.1; Fig. 2 ). These results can be compared with the companion LTD-DHT Shaw results because their sister specimens have already given successful palaeointensity results in the LTD-DHT Shaw experiments.
In the Thellier experiments, the specimens were subjected to a series of zero-field and in-field heating cycles at 20-50
• C intervals up to 600 • C. Partial TRM checks were conducted at every other temperature step. Above 200
• C, at least one pTRM-tail check (Riisager & Riisager 2001 ) step was involved for every 100
• C interval, that is, at least five pTRM-tail checks for each specimen. This check detects a vectorial difference between the pTRM tail of laboratory-produced pTRM and the pTRM tail that is embedded in TRM (e.g. Shcherbakova et al. 2000; Riisager et al. 2004 ). The heating cycle was done in air for 1-1.5 hr with a TDS-1 (NatsuharaGiken) or MMTD-18 (Magnetic Measurements) electric furnace. TRM was imparted in a DC field of 15.0-30.0 µT, which was applied throughout the in-field cycles. All remanent magnetizations were measured by a SMM-85 or ASPIN (Natsuhara-Giken) spinner magnetometer with a resolution better than ±10 −8 A m 2 . Although selection criteria for the Thellier experiments differ in previous studies, we adopted the following:
(1) A stable primary component is recognized in the Zijderveld diagram of zero-field step data (NRM).
(2) A linear portion should be recognized in the Arai diagram. It is composed of the primary component and is not less than 15 per cent of the original NRM ( f ≥ 0.15). This portion should have four or more data points (N ≥ 4).
(3) The linear portion should exhibit positive pTRM checks. This is judged by an agreement between reproduced pTRM and first TRM at the 2σ level. The error (σ pTRM ) is evaluated from experimental uncertainties of remanence measurements (σ meas ), heating temperatures (σ temp ) and applied DC fields (σ DC ), i.e. σ pTRM 2 = σ meas 2 + σ temp 2 + σ DC 2 .
For the pTRM tail checks, accordance between the first and repeated zero-field data was examined at the 2σ level. However, their usefulness is still under debate (e.g. Biggin & Thomas 2003a). Yu et al. (2004) showed that a proper pTRM tail check could be made only when a laboratory field was twice as large as an ancient field and was applied parallel to a NRM direction. A laboratory field perpendicular to the NRM results in an overestimated pTRM tail, while a field antiparallel to the NRM causes underestimation. We do not incorporate the results of the pTRM tail checks in the selection criteria.
Results and discussions
Successful results were obtained for 18 specimens (Table 3) . Fifteen results showed quality factors q (Coe et al. 1978 ) of more than 5.0, indicating good Thellier results. The successful results can be classified into following three types. The first type is characterized by Arai diagrams with a single slope ( Figs 13A and B) . This type is observed for four specimens, TA15-01-2, MR14-03-2, PU01-03-4 and PU01-06-2. Although the Arai diagram of TA15-01-2 (Fig. 13B) appears to be two-segmented, the low blocking temperature range is probably contaminated by secondary magnetization. These palaeointensities are generally consistent with those of the sister specimens by the LTD-DHT Shaw method.
A feature of the second type of result, from 11 specimens, is two segments in the Arai diagrams (Fig. 13C) . Slopes of the low blocking temperature (T B ) portion gave high palaeointensities whereas those of the high T B yielded low palaeointensities. The differences in palaeointensities between the two segments are up to about eight times (187 and 22.9 µT in HH16-03-2). It is noted that palaeointensities from the high T B portion are not far from the LTD-DHT Shaw palaeointensities of the sister specimens.
Three specimens resulted in the third type of result, where only a single slope is seen in the Arai diagrams. They show incompatible palaeointensity with the companion LTD-DHT Shaw results. However, if we take alternative slopes in the high T B portions (e.g. the dotted line in Fig. 13D ) with insufficient data points (N = 3) they give apparent palaeointensities consistent with the LTD-DHT Shaw results.
In summary, the present Thellier experiments mainly exhibit twosloped Arai diagrams, which are a possible cause of overestimated palaeointensities (e.g. Yamamoto et al. 2003) . Overestimations by the Thellier method may also be suggested from the hysteresis parameters of the core-averaged values for the specimens used for palaeointensity determination in the Thellier experiments (Fig. 14) . It is obvious that the data points in the Day plot are distributed close to the mixing lines between the SD and MD of Dunlop (2002) . Oishi et al. (2005) suggest that samples with data points close to SD-MD Figure 8 . (Continued.) mixing lines tend to give erroneously high palaeointensities by the Thellier method.
However, routine application of the above criteria could not filter out the erroneous results. Anomalously high palaeointensities may be observed especially from the low T B portion of the second type. A stringent criterion of q ≥ 5.0, which is often adopted (e.g. Mochizuki et al. 2004) , could not reject very high palaeointensities (e.g. 145 µT in HH16-06-3 and 167 µT in PU06-04-3). Although the best way to avoid contamination of such anomalous data is probably to discard all the two-segmented results (e.g. Valet 2003) , this procedure results in the loss of a large number of the present palaeointensity estimations. Only four results of the first type remain. There is another criterion of f ≥ 0.50 suggested by Biggin & Thomas (2003a) . If we add this criterion, 13 results survive. These palaeointensities, except for BR15-02-2 and HH09-04-2, seem to be improved (closed circles in Fig. 15 ). Even for BR15-02-2 and HH09-04-2, if their alternative segments of high T B (discarded due to f < 0.50) are adopted, they also become closer to the LTD-DHT Shaw results (open circles in Fig. 15) . Discrepancies between the Thellier and the LTD-DHT Shaw data are up to about 40 per cent, which is similar to the results These do not pass the quantitative selection criteria because of (A) a low correlation coefficient (r N = 0.984) in the first heating as well as a non-unity slope (Slope T = 1.06) in the second heating, (B) a non-unity slope (Slope T = 1.21) in the second heating and (C) a low correlation coefficient (r N = 0.936) in the first heating.
found for historical lavas by Yamamoto et al. (2003) , Mochizuki et al. (2004) and Oishi et al. (2005) .
EVALUATION OF T H E LT D -D H T S H AW PA L A E O I N T E N S I T I E S
We have obtained 195 successful LTD-DHT Shaw palaeointensities using the quantitative selection criteria (Section 4.3). These criteria seem to be able to reject a majority of the undesirable results, but the reliability of the selected results will be further examined from several aspects.
Low-temperature oxidation
As discussed in Section 3.1, some samples possibly suffered from low-temperature oxidation. They might give biased palaeointensities. Although the thermomagnetic experiments suggest low degrees of low-temperature oxidation (e.g. Fig. 2E ), for safety's sake we do not use the 31 palaeointensities from seven flow units (MP19, BR02, HH05, HH06, HH08, HH12, and MP12) in calculations of flow averages.
Applicability of the ARM correction
Samples from sites BR10 and BR16 show curved NRM-TRM1 * diagrams, high B c portions of which pass the quantitative selection criteria (e.g. Fig. 16 ). As their Zijderveld diagrams suggested single primary components, their curvature could not be caused by secondary magnetization. For example, in Fig. 16 , a NRM-TRM diagram obviously shows a downward concave feature for B c ≥ 10 mT (which is sufficient to remove a secondary magnetization), but the corresponding portion in a ARM0-ARM1 diagram gives nearly a straight line. This suggests that ARM changes in the first laboratory heating may not follow TRM changes for some samples. Pan et al. (2003) observed similar NRM-TRM * diagrams from samples with heavy laboratory alterations (e.g. C20 in Fig. 1 of Pan et al. 2003 ). If we adopt a possible linear segment from sample C20 in Pan et al. (2003) , it gives 30 per cent lower palaeointensity than the true field value (50 µT). Therefore, the palaeointensities obtained from sites BR10 and BR16 might be biased, although our specimens did not seem to suffer from such alterations. These nine results are temporarily not used for calculations of flow averages.
Upward convex features in the NRM-TRM1 * diagrams
A number of the successful LTD-DHT Shaw results show some convexity in the NRM-TRM1 * diagrams. An evaluation of the convexity is vague regarding the criterion of correlation coefficients. For example, TA15-01-1 and HH09-04-1 passed the criterion, but their high B c intervals in the NRM-TRM1 * diagrams exhibited upward convex features (Figs 8B and C) . In the usual Thellier experiments, downward concave features are often observed in Arai diagrams, and there is growing consensus that the palaeofield should not be estimated using such diagrams (e.g. Valet 2003) . We may apply similar cautions to the present LTD-DHT Shaw results.
Introduction of the Akaike information criterion (AIC)
One of the ways to evaluate the convexity is to introduce the Akaike information criterion (AIC; Akaike 1980) . This allows statistical estimation of an optimal model from candidates by a trade-off between goodness of fit data and a number of parameters. The smaller the value of the AIC, the better the model is. If a linear and a quadratic polynomial are introduced as regression functions for the NRM-TRM1 * diagrams, their AICs are defined as follows:
where N is the number of data points and χ 1 and χ 2 are residuals of the linear and the quadratic fit for the NRM-TRM1 * diagrams, respectively. Thus, a difference in the AIC between the linear and quadratic fits ( AIC) is
If AIC ≤ 1, the quadratic fitting is statistically not better than the linear one, suggesting no convexity in the diagram. AICs are calculated for all the NRM-TRM1 * diagrams of the successful results (195 specimens). They are listed in Tables 1 and 2 , and their distribution is illustrated in Fig. 17 . Sixty-nine results show AIC ≤ 1.0, indicating that the quadratic fit is not preferred. The other results seem to prefer the quadratic fit. For instance, AICs of TA15-01-1 and HH09-04-1 were 18.5 and 11.9 ( Fig. 8B and C) . As stated before, their NRM-TRM1
* diagrams appeared to be upward convex especially for the high-B c portions. On the other hand, PU01-03-2 yielded AIC of −0.2 for its NRM-TRM1 * diagram without obvious convexity (Fig. 8A) . Possible causes of the convexity are discussed in the following section.
LTD-Thellier experiments
The convexity observed in the NRM-TRM1 * diagrams may be analogous to concavity in the Arai diagrams often reported from the usual Thellier experiments. Since LTD-DHT Shaw results cannot be directly compared with Thellier results because of the LTD treatment, we further conducted LTD-Thellier experiments (e.g. Yamamoto et al. 2003) on four specimens (MP05-05-3L, MP07-07-3L, HH09-07-4L and PU06-04-4L). All of their sister specimens had already given palaeointensities using the Coe (1967) version of the Thellier method (MP05-05-2, MP07-07-2, HH09-07-3 and PU06-04-3). The LTD-DHT Shaw experiments yielded three successful palaeointensities (MP05-05-1, MP07-07-1 and HH09-07-2). PU06-04-1, which is the sister specimen of PU06-04-4L, unfortunately did not pass the criteria. Fig. 18 illustrates all the results obtained using the Coe (1967) version of the Thellier method with and without LTD, and by the LTD-DHT Shaw method. Noticeable features in these diagrams are that all the Thellier results show two-segmented Arai diagrams (Figs 18B, E, H and K) , and also that the LTD-DHT Shaw results give large AICs (45.1, 53.5 and 13.4; Figs 18C, F and I) .
In the LTD-Thellier experiments, all the specimens were chilled in liquid nitrogen for 10 min after each of the progressive zero-field and in-field heatings. The LTD treatment was done in a magnetically shielded case and the memories were measured. Except for these points, the experimental procedures were the same as in Section 5.1. We can thus construct Arai diagrams for D, G and J) . The results are examined with the same selection criteria as in Section 5.1, and are listed in Table 4 . As indicated in the Zijderveld diagrams (insets in Fig. 18 ), LTdemagnetized components are not very large in the present specimens. However, in comparison with the non-LTD-Thellier results, the two-segmented features in the Arai diagrams for the LTDThellier results are clearer. This is analogous to the results for the Kilauea, Hawaii, 1960 lava (Yamamoto et al. 2003 . In their experiments, samples with low and intermediate levels of hightemperature oxidation (corresponding to C1-C3 and C2-C4 oxidations; A-4-4L and B-9-4L in Yamamoto et al. 2003) exhibited more concave Arai diagrams in the LTD-Thellier experiments than in the non-LTD-Thellier ones (Figs 5d and e in Yamamoto et al. 2003) . Although the reason for such a phenomenon is still controversial, they might be evoked by acquisition of thermochemical remanent magnetization (TCRM) during natural cooling of the lava, as suggested by Yamamoto et al. (2003) . TCRM is contaminated into NRM and it is carried by a number of small domains of Ti-poor titanomagnetites, which are products of moderate high-temperature oxidation and are thought to consist partly of SD-like remanences. It is difficult to regard MD contribution as a main cause because most MD remanences are thought to be erased by LTD treatment. Tables 1 and 2 . It is obvious that data points distribute along the mixing lines between SD and MD of Dunlop (2002) . This kind of trend is warned against by Oishi et al. (2005) . 
Threshold AIC for data selections
The above discussions suggest that the LTD-DHT Shaw palaeointensities accompanied by large AICs may have equivalent qualities to Thellier palaeointensities with concave Arai diagrams. According to the growing consensus on analysis of Thellier results, it seems better not to adopt such LTD-DHT Shaw palaeointensities for further discussions. It is, however, difficult to define an exact threshold value of AIC at which results should be discarded. In this study, we temporarily determined the threshold value for the present data set based on several concrete examples.
In this section, four LTD-Thellier results were obtained. Three of them were accompanied with the companion LTD-DHT Shaw results. MP05-05-1 and MP07-07-1 gave AICs of 45.1 and 53.5. As discussed before, these LTD-DHT Shaw results are considered to be weighted-averages of the corresponding low and high T B LTDThellier results. On the other hand, HH09-07-2 resulted in AIC of 13.4, and its LTD-DHT Shaw palaeointensity (17.2 µT) is consistent with the companion high T B LTD-Thellier palaeointensity (18.3 µT, HH09-07-4L).
In Sections 4.3 and 5.2 we can find four pairs of LTD-DHT Shaw and usual Thellier results. Although simple comparison between both results is not straightforward due to a lack of LTD treatment in the usual Thellier results, it may reinforce our ideas. There are three LTD-DHT Shaw results showing relatively large AICs. TA15-01-1 gave AIC of 18.5. The LTD-DHT Shaw palaeointensity (7.68 µT) is concordant with the companion Thellier one (6.72 µT, TA15-01-2). Also, HH16-06-1 and HH09-04-1 yielded AICs of 7.2 and 11.9. Their LTD-DHT Shaw results (29.6 and 18.2 µT) agree well with the companion high T B Thellier palaeointensities (29.1 and 18.3 µT; note that the latter is the reference, see Section 5.2).
If the agreements between the LTD-DHT Shaw and the high T B Thellier palaeointensities are tentatively permitted when the Thellier experiments yield two-sloped Arai diagrams, the quality of the LTD-DHT Shaw palaeointensities with AIC ≤ 18.5 does not seem to be too bad. Therefore, we temporarily take a threshold AIC of 15, which is set to be slightly on the safe side. AIC exceeding ∼15 is possibly a sign of an undesirable LTD-DHT Shaw palaeointensity. There are 49 results with AIC > 15 among the present successful results (Fig. 17) . It is, however, emphasized that this threshold is limited to the present data set.
GEOM A G N E T I C F I E L D I N T E N S I T Y D U R I N G T H E L A S T 5 M Y R
New data set from the LTD-DHT Shaw palaeointensities
Discussions in Sections 6.1 and 6.2 discriminated 151 LTD-DHT Shaw palaeointensities. Their statistical results are summarized in Table 5 . In this table it is noted that site means of RT12, RT18 and HH11 are calculated excluding four outliers because they are statistically distinguishable from the site means at the 2σ level. Yamamoto et al. (2003) observed the same phenomena from the Kilauea, Hawaii, 1960 lava, and obtained a true palaeointensity after excluding outliers.
From these data, we can choose 24 reliable site-mean LTD-DHT Shaw palaeointensities by the following criteria:
(1) Each mean is determined from no fewer than three individual results (N ≥ 3).
(2) The standard deviation is within 20 per cent (σ ≤ 20 per cent).
(3) The minimum value of AIC among the results for each site is no larger than 15 ( AIC ≤ 15).
Criterion (3) is based on the discussion in Section 6.3. The result for sample MP01 is considered to be a record of a transitional geomagnetic field because the corresponding VGP locates at 18.7
• N. However, we intend to include this record. Transitional data are usually excluded from discussions about long-term variations in the geomagnetic dipole moments. We think such omissions may cause some artefact in statistical analyses since volcanic data are random readings of the ancient geomagnetic field. The present data set will help in studies of the time-averaged field (TAF) and palaeosecular variations (PSV). Most of the analyses (e.g. Gubbins & Kelly 1993; Johnson & Constable 1995 Kelly & Gubbins 1997; Hatakeyama & Kono 2002) only use palaeodirectional data because of the small number of existing absolute palaeointensity data (Hatakeyama & Kono 2002) . Only Kono et al. (2000) incorporated absolute palaeointensities.
Comparison with the Thellier data set
The LTD-DHT Shaw data set obtained in Section 7.1 can be compared with an available Thellier data set having the similar quality.
From the latest palaeointensity database (Perrin & Schnepp 2004) , Thellier data are selected using the following criteria:
(1) Ages range between 0 and 5 Ma.
(2) Palaeointensities are obtained by the Thellier method with a pTRM check (T+).
(3) The average palaeointensity for each cooling unit is calculated from no fewer than three individual determinations (N ≥ 3).
(4) The standard deviation of each average is within 20 per cent (σ ≤ 20 per cent).
Note that we do not limit the palaeomagnetic polarities, similarly to the LTD-DHT Shaw data set. Except for this point, these criteria are almost the same as those used in the previous studies with palaeointensity databases (e.g. Juarez & Tauxe 2000; Selkin & Tauxe 2000; Heller et al. 2002; Biggin & Thomas 2003b) . Criterion (4) seems to be reasonable because Valet (2003) reviewed numerous palaeointensity results reported from the Kilauea, Hawaii, 1960 lava, and concluded that the present palaeointensity techniques could not determine the field with a precision of better than 20 per cent. The total number of selected Thellier data is 458, about half of which comprise data from the Hawaiian Islands.
The selected LTD-DHT Shaw and the Thellier data are presented in Fig. 19 with their ages. This figure indicates that there is no systematic bias in age distributions between the LTD-DHT Shaw and the Thellier data set prior to ∼0.9 Ma. Most Thellier data belong to the Brunhes chron, but their VADMs do not differ significantly from those of older ages. Average VADMs are calculated for each data set: (3.64 ± 2.10) × 10 22 A m 2 for the LTD-DHT Shaw data (N = 24) and (7.46 ± 3.10) × 10 22 A m 2 for the Thellier data (N = 458). Although the reliability of palaeointensity determination from submarine basaltic glass is still under debate (e.g. Heller et al. 2002; Smirnov & Tarduno 2003) , their contributions are too small to affect the present Thellier data set: if the submarine basaltic glass data are excluded, the average is of the mean of the Thellier data set as well as the present dipole moment. The large discrepancy between the two data sets is probably due to the different methods of palaeointensity determination. This is because the mean VGP positions calculated from the two data set almost coincide with each other (Fig. 21) , suggesting that the palaeodirections are of equivalent quality. In the calculation, the Thellier data set is split into two data sets-Hawaiian and nonHawaiian data-since 64 per cent of the Hawaiian data (N = 148) are inclination only. Ninety-eight per cent of the non-Hawaiian data have both inclination and declination. For the LTD-DHT Shaw data set, the mean locates at 83.2
• N, 353.4
• E with α 31 = 5.9
• and α 32 = 8.4
• (α 31 and α 32 are 95 per cent confidence limits along minor and major axes). Regarding the Thellier data set, the Hawaiian mean is expressed as a great circle with variable declinations (D). We calculated the mean inclination following McFadden & Reid (1982) and it was converted to VGP for 10
• intervals of declination. The location of the non-Hawaiian mean is 83.9
• N, 46.2 • E with α 31 = 3.0 • and Figure 18 . (Continued.) Table 4 . Experimental results with the LTD-Thellier method. We consider that the average calculated from the present LTD-DHT Shaw data set is more appropriate for the mean VADM of the last 5 Myr. As mentioned in Section 1, the Thellier method occasionally fails in accurate determinations of palaeointensity from historical lavas. Fig. 22 (A) summarizes the intensities reported from historical lavas (Tanaka & Kono 1991; Tanaka et al. 1995a; Hill & Shaw 2000; Calvo et al. 2002; Böhnel et al. 2003; Yamamoto et al. 2003; Mochizuki et al. 2004; Oishi et al. 2005) . Almost all the reported Thellier palaeointensities are overestimates, which are as high as 200 per cent of the expected value. On the other hand, LTD-DHT Shaw palaeointensities from the same lavas (Yamamoto et al. 2003; Mochizuki et al. 2004; Oishi et al. 2005) are clustered around the expected value except for some outliers (Fig. 22B) . These observations can explain the large discrepancy in the 0-5 Ma mean VADMs between the LTD-DHT Shaw and the Thellier data set. Figure 20 . Histograms of the VADMs for (A) the Thellier and (B) the LTD-DHT Shaw data set. Average VADMs are calculated to be (7.46 ± 3.10) × 10 22 A m 2 (N = 458, Thellier) and (3.64 ± 2.10) × 10 22 A m 2 (N = 24, LTD-DHT Shaw) for each data set. If the Thellier data set is split into two data sets-Hawaiian and non-Hawaiian-they result in average VADMs of (8.10 ± 2.62) × 10 22 A m 2 (N = 232) and (6.80 ± 3.41) × 10 22 A m 2 (N = 226), respectively. They are statistically distinguishable by both the t-test and the F-test at >99.9999 per cent confidence (see text).
Overestimated palaeointensities in the Hawaiian Thellier data set
The overestimated palaeointensities might be especially accumulated in the Hawaiian data set. If average VADMs are calculated separately for the Hawaiian and non-Hawaiian Thellier data sets, they give (8.10 ± 2.62) × 10 22 A m 2 (N = 232) and (6.80 ± 3.41) × 10 22 A m 2 (N = 226), respectively (Fig. 20) . The F-test and ttest for these values gave an F value of 1.69 and a t value of 4.60, both of which correspond to probabilities of <0.0001. This situation is almost unchanged even if the submarine basaltic glass data are excluded: average VADMs are calculated to be (8.21 ± 2.71) × 10 22 A m 2 (N = 211, Hawaiian data) and (6.80 ± 3.39) × 10 22 A m 2 (N = 223, non-Hawaiian data).The Hawaiian and non-Hawaiian data set are statistically distinguishable from each other. As discussed in the previous subsection, the mean VGP positions from the two data set do not significantly differ from each other (Fig. 21) . Thus, the difference could be solely attributed to quality of the reported palaeointensities. The high palaeointensities in the Hawaiian data set possibly originate from ancient lavas with NRMs of non-TRM origin. For example, the data set includes 10 results from 2.1-3.9 Ma lavas in Oahu, Hawaii (Laj et al. 2000) . One of their Arai diagrams (KO26-146B; Fig. 5 of Laj et al. 2000) appears to be two-segmented. Seventythree results came from the Hawaiian Scientific Drilling Program (HSDP) cores studied by Laj & Kissel (1999) . Thermomagnetic analyses indicated the presence of low-Ti titanomagnetites in ∼85 per cent of their samples. Recently, Kontny et al. (2003) have extensively studied the thermomagnetic properties of samples from the subaerial part of the HSDP2 cores and classified the properties into three types. Two of them resulted in Curie temperatures of 480-600
• C. They reported that the ore mineral textures of these two types were characterized by titanomagnetites with ilmenite lamellae. These features resemble those of the Kilauea 1960 lava which yields a number of anomalously high palaeointensities with the Thellier method (Yamamoto et al. 2003) . They suggested that its main cause was NRM of non-TRM origin.
The possibility of biased palaeointensities in the Hawaiian data set is also supported from recently reported Thellier results from submarine basaltic glass of HSDP2 cores (Tauxe & Love 2003) . Although the reliability of palaeointensity determination on submarine basaltic glass is still under debate, as stated before, Tauxe & Love (2003) carefully examined the rock magnetic properties of their samples and showed their robustness to Thellier palaeointensity determinations. As a result, they obtained Thellier palaeointensities spanning 440-550 kyr from 34 cooling units. If these data are subjected to the same statistical criteria as described in the previous subsection (N ≥ 3 and σ ≤ 20 per cent), 21 site means can be selected (note that these data are already included in the Hawaiian Thellier data set). They give an average VADM of (7.02 ± 0.87) × 10 22 A m 2 . This is almost the same as the average VADM of the non-Hawaiian data set [(6.80 ± 3.41 (2003) is very short, the duration of ∼100 kyr is thought to be sufficient to represent the palaeosecular variation (Tanaka & Kobayashi 2003) . Also, in the Brunhes chron, a VADM of ∼100 kyr scale average does not appear to show significant variations in relative palaeointensities from sediments (e.g. Guyodo & Valet 1999; Yamazaki 2002) and deep-tow magnetic anomalies (e.g. Gee et al. 2000) . This feature is unchanged prior to the Matuyama chron (e.g. Kok & Tauxe 1999; Pouliquen et al. 2001; Yamazaki & Oda 2002) . Thus, the two average VADMs seem to be comparable. Submarine basaltic glass is generally believed not to suffer from deuteric oxidation. Its rock magnetic properties are thought to be different from those of subaerial lavas such as the Kilauea 1960 lava. The coincidence between the two average VADMs suggests a relatively smaller probability of biased palaeointensities in the non-Hawaiian data set. However, it is emphasized that the non-Hawaiian data set still gives an average VADM twice as large as that obtained with the LTD-DHT Shaw data set.
CONC L U S I O N S
We have performed various rock magnetic measurements and palaeointensity determinations on 0.5-4.6 Ma volcanic rocks collected from the Society Islands, French Polynesia.
(1) Based on the thermomagnetic analyses, low-temperature magnetometry and hysteresis measurements, the main remanence carriers are identified to be titanomagnetites with different Ti contents. Some samples additionally contain a minor amount of Ti-rich titanomaghemites. They are considered to be an admixture of SD (and/or PSD) and MD, and the MD content is not too large. Reflected-light microscopy suggests that many of the present samples contain intermediately high-temperature-oxidized titanomagnetite grains (C3-C4). They are possible candidates for giving anomalously high palaeointensities in Thellier experiments but not in LTD-DHT Shaw experiments.
(2) LTD-DHT Shaw experiments gave 195 out of 361 successful palaeointensity determinations with the quantitative selection criteria. They are independent of the hysteresis properties and not thought to be systematically influenced by the ARM correction.
(3) Thellier experiments were conducted on 40 selected specimens with good thermal stability. Their sister specimens had already given successful results in the LTD-DHT Shaw experiments. The selection criteria admit 18 palaeointensities, but they contain a number of anomalous results. Many of them are characterized by two-segmented Arai diagrams. If we add a criterion of f ≥ 0.50, 13 results survive and these palaeointensities seem to be improved. (Tanaka & Kono 1991; Tanaka et al. 1995a; Hill & Shaw 2000; Calvo et al. 2002; Böhnel et al. 2003; Yamamoto et al. 2003; Mochizuki et al. 2004; Oishi et al. 2005) are separately illustrated in (A) and (B), respectively. The abscissa indicates normalized palaeointensities divided by the expected field intensity while the ordinate shows each reference. Note that the microwave Thellier palaeointensities of Hill & Shaw (2000) are adopted from the first slopes when corresponding specimens yielded two-segmented Arai diagrams. The palaeointensities of Böhnel et al. (2003) are compared with the contemporaneous global mean of Yang et al. (2000) .
Discrepancies between the Thellier and the LTD-DHT Shaw palaeointensities are up to about 40 per cent for the sister specimens, which is similar to the results from the historical lavas by Yamamoto et al. (2003) , Mochizuki et al. (2004) and Oishi et al. (2005) .
(4) The reliability of the successful LTD-DHT Shaw results was further examined from several aspects. Possible low-temperature oxidation and inapplicability of the ARM corrections were suggested for 40 specimens. These may be sources of biased palaeointensities. Some part of the successful results also showed upward convexity in the NRM-TRM1 * diagrams, which may have equivalent qualities to Thellier palaeointensity results with concave Arai diagrams. According to the growing consensus on analyses of Thellier results, it seems better not to use such LTD-DHT Shaw palaeointensities. This convexity could be evaluated by AIC. Although it is difficult to define an exact threshold AIC, we temporarily take a threshold value of 15 in this study. There are 49 results with AIC > 15 among the present successful results.
(5) We can pick up 24 reliable site-mean palaeointensities from the newly obtained LTD-DHT Shaw data set. They give the average VADM of (3.64 ± 2.10) × 10 22 A m 2 for the last 5 Myr. This is nearly half of the mean of the 0-5 Ma Thellier data selected from the latest palaeointensity database [(7.46 ± 3.10) × 10 22 A m 2 , N = 458]. The large discrepancy between the two averages originates from the difference in the palaeointensity techniques.
(6) We consider that the average VADM by the present LTD-DHT Shaw data set is more appropriate for the mean of the last 5 Myr. This is because the Thellier method occasionally gives overestimated palaeointensities as high as 200 per cent of the true value while the LTD-DHT Shaw method does not. In particular, overestimated palaeointensities might be accumulated in the Hawaiian data set. Many results in this data set might suffer from NRMs of non-TRM origin. The newly determined LTD-DHT Shaw palaeointensities indicate that the present dipole moment (∼8 × 10 22 A m 2 ) is about twice the time average for the last 5 Myr. The characteristics of the present field may not be typical of the geomagnetic field. We have to be careful when extending the characteristics of the present-day field to the ancient field.
